This article presents the results of an experimental investigation of the energy spectra of charge carrier traps in undoped high-resistivity ZnSe single crystals. Fourteen peaks were found in the thermostimulated luminescence spectra of the ZnSe samples at temperatures between 8 K and 450 K, and the thermal activation energies of the charge carrier traps were estimated for the most intense peaks. It was found that the energy spectra of the charge carrier traps in ZnSe exhibit oscillatory regularity, and the energy of a vibrational quantum was estimated to be ω = 206 cm −1 , which is in good agreement with the vibrational mode in the Raman spectrum. Additionally, a linear relationship was observed between the thermal activation energies of the charge carrier traps and the temperature positions of the maxima in the thermostimulated luminescence of ZnSe.
Introduction
Charge carrier traps and defects in optical materials, particularly laser crystals and scintillators, do not always have a negative influence on the material's physical properties. Usually they define the intensity and spectra of the optically or radiation-stimulated luminescence. The deep traps in wide-band-gap materials utilized for thermoluminescence (TL) dosimetry [1] actually increase their sensitivity. Currently, monocrystalline zinc selenide (ZnSe) is a prospective wide-band-gap semiconductor [2] for use as a detector of ionizing radiation [3, 4] at high temperatures of up to at least 130
• C [3, 5] due to its high resistivity and relatively low concentration of impurities and defects. ZnSe has a band gap of 2.8 eV at 300 K [2] and a high absorption efficiency for X-ray and gamma photons [6] . The physical features of its crystal structure allow single crystals to be grown in large volumes (∆V > 50 cm 3 [7, 8] ), which is a significant advantage over other wide-band-gap semiconductors such as SiC, GaN, InGaN or diamond [9, 10] . Despite the possibility to grow large volumes of monocrystals of undoped ZnSe, this material typically still has uncontrollable impurities conditioning the shallow and deep charge carrier traps, influencing the kinetics of charge carrier transport under gamma or X-ray excitation [11] .
Primarily, charge carrier traps are investigated using thermostimulated luminescence (TSL). Although the investigations of the TSL of ZnSe have been performed * corresponding author; e-mail: asofienko@gmail.com before [12] [13] [14] [15] , only doped crystals and crystals with high concentrations of uncontrollable impurities were investigated; the literature thus shows a lack of detailed information published about the TSL of undoped monocrystalline ZnSe and the energy spectra of charge carrier traps (CCTs) in this semiconductor. To address the gap in knowledge mentioned above, the general purpose of this work is an investigation of the TSL of high-resistivity undoped ZnSe monocrystals (ρ > 10
12 Ω cm) with a high optical quality to determine the regularity between the luminescence spectra of ZnSe and TSL peaks and to determine the existence of oscillatory regularity in the energy spectra of CCTs.
Experimental section

Experimental methods
ZnSe samples of 15 × 10 × 2 mm 3 were cut from different undoped ZnSe monocrystals that were grown at the Institute for Single Crystals of NAS of Ukraine using the Bridgman method [16] and under an argon pressure of 15 atm. The primary other selection criteria were the homogeneity and the high electrical resistance at room temperature (ρ > 10
12 Ω cm). The crystal sides were mechanically polished in the final stage. Complex experimental research involving the X-ray luminescence (XRL) spectra at different temperatures (e.g., 8, 85, 295 K), TSL spectra and phosphorescence (Ph) in ZnSe single crystals were performed in a vacuum cryostat under low pressure (P > 1 Pa). The samples were irradiated by the integral radiation of a BHV-7 X-ray tube (Re anode, 20 kV, 25 mA, X-ray flux is 0.42 mJ/(s cm 2 ) in the sample plane) through a beryllium window. The luminescence and phosphorescence measurements were performed by two independent channels: integrally through an optical filter and spectrally through an MDR-2 monochromator at different wavelengths using a diffraction grating with 600 lines/mm. In the integral channel, all luminescent light is focused by a quartz lens onto the photocathode of a PMT-106 with a high spectral sensitivity between 350 nm and 820 nm. Two PMTs were used for the spectral measurements: a PMT-106 and a PMT-83 with a high spectral sensitivity between 600 nm and 1200 nm. All measured spectra were corrected based on the spectral sensitivity of the PMTs used. The investigations of Ph of ZnSe samples were performed after preliminary X-ray irradiation for 20 min at different temperatures of 8, 85, and 295 K. Ph was measured for 5 min after the X-ray irradiation and then the samples were heated with a constant heating rate of β = 0.3 ± 0.02 K/s (T (t) = T 0 + βt) to measure the TSL in all measuring channels within three temperature ranges: 8 K to 220 K, 85 K to 420 K and 295 K to 450 K. The irradiation of the ZnSe samples at higher temperatures leads to an increase in the high-temperature peaks in the TSL due to additional intense charge accumulation in the deep traps. The heating of the samples was accomplished using an electrical heater integrated into the vacuum cryostat. The cooling of the samples was accomplished with liquid helium or nitrogen. Thermostimulated luminescence, which is usually intense in preliminarily cooled ZnSe crystals, is in fact a recombination radiation. The intensity of TSL, J TSL , on the beginning of the TSL peak is proportional to the speed of the decrease of the concentration of the filled traps, n, and to the Boltzmann factor as follows:
where w 0 is the frequency factor and E T is the effective energy of the thermal delocalization of the charge carriers from the traps. The concentration of filled traps decreases with higher temperatures, while the Boltzmann factor increases. Therefore, the product of these two factors yields a curve with a maximum at some temperature. The derivative of formula (1) allows the calculation of this temperature's position, T m , at maximum of the TSL peak and the determination of the general relation for the frequency factor as follows:
where β = dT / dt is the heating rate of the sample. The energy spectrum of the traps was investigated using the method of fractional TSL (FTSL) [17] . This method is based on the assumption that the initial lowtemperature portion of the TSL peak can be well approximated by a simple exponential function because initial detrapping is a linear process for the first few percent change in accumulated charge. The sample is heated up until the TSL reaches of about 10% of the maximum intensity and then the sample is cooling down. This procedure is repeating several times and for each N -measurement the following assumption can be applied:
where J 0N = w 0N n ≈ constant and the thermal delocalization energy (TDE), E T , can be found as an averaged value from the slopes of the experimentally measured curves (3) on a logarithmic scale:
. This procedure can be applied to each TSL peak. The described FTSL method has few advantages. First, the TDE can be computed using many measured FTSL-curves (3) for one selected TSL peak, and second, the existence of several plateaus on the experimentally determined dependence of the TDE upon the number of the cycle implies that there are CCTs with discrete energies [17] .
X-ray induced luminescence spectra of ZnSe
In general, the XRL spectra of ZnSe consist of edge excitonic emission (EEE), emissions of donor-acceptor pairs (DAPs) and wide recombination emission bands with maxima at 635, 820, and 970 nm. For example, the XRL spectra of four ZnSe samples measured at liquid nitrogen temperature are shown in Fig. 1 . In the remaining ZnSe crystals, the same XRL bands were measured but with different intensities. The XRL spectra measured at liquid helium temperature are nearly identical. A significant change in the XRL spectra is observed at room temperature due to temperature quenching of the luminescence. The typical EEE is observed in all studied ZnSe samples at low temperatures [14, 18, 19] ; this emission is detected as a band with a maximum at 465 nm at liquid nitrogen temperature. EEE is conditioned by the excitons that are free or localized on the shallow donors [20, 21] . This emission is intensive at liquid helium temperature and rapidly quenched after heating with a characteristic energy of 50 meV, which is the dissociation energy of the excitons in ZnSe [22] .
In the ZnSe crystals in which the recombination emission bands with maxima at 635 nm and 820 nm are weak, the intensive emission of DAPs is usually observed [18, 23, 24] in the wavelength range of 470 nm to 550 nm. The energy levels of the donors in ZnSe are conditioned by the Zn i defects, and the acceptor centres may be conditioned by O Se or (O Se -D). The features of the luminescence of the DAPs have been studied in several works [23] [24] [25] [26] . In undoped ZnSe crystals, a wide emission band with a maximum at 490 nm is observed as well. This emission band may be conditioned by the isolated oxygen centres O Se [27] . Wide recombination bands with maxima at 635, 820, and 970 nm are known from the previous studies of ZnSe [13, 14, [27] [28] [29] [30] [31] . The emission band at 635 nm, in accordance with [27, 29] , can be associated with a complex centre consisting of oxygen at the lattice point and zinc vacancies V Zn and Zn i . The emission of ZnSe in the infrared range from 820 nm to 970 nm is probably conditioned by a selenium vacancy [28] at the lattice point, and in accordance with [30, 31] , the emission band at 970 nm is conditioned by a complex centre consisting of a selenium vacancy or a copper impurity. It should be noted that the spectral position of the emission band at 635 nm is different in different ZnSe samples, which indicates the non-elementary nature of this band [14] , which may consist of at least two emission subbands, the difference in the spectral position of which is less than their half-width.
Thermostimulated luminescence of ZnSe
The TSL curves of the ZnSe samples were measured in integral and spectral measuring channels at different luminescence band maxima of 635, 820, and 970 nm. The same TSL peaks were detected in each case, but the intensities of the peaks were different in each sample. It should be noted that TSL peaks in ZnSe have a greater half-width (δ) than those in many other oxide crystals (e.g., δ ≈ 20 K for the TSL peak at T m = 183 K), which leads to an overlap of adjacent peaks. Figure 2 shows the measured TSL curves of several ZnSe samples that have different XRL spectra. Temperature luminescence quenching of the luminescence bands in ZnSe is observed above 220 K. Therefore, the intensity and the temperature position of the primary TSL peaks do not change significantly despite the change in the quantum yield of luminescence with temperature.
The TSL in ZnSe is observed also at temperatures below 85 K. Figure 3 shows two TSL peaks of different ZnSe samples measured after preliminary X-ray irradiation at 8 K. It was found that low-temperature TSL in the temperature range of 8 K to 85 K is intensive, which indicates a high concentration of shallow traps in the samples. The low-energy tail of the TSL of sample 3 (curve 3 in Fig. 3 ) was used to estimate the delocalization energy of the appropriate traps.
It should be noted that there is no single value correlation between the intensities of the TSL peaks and the luminescence bands in XRL spectra. From experimental observations, the samples with intensive XRL at 635 nm usually have an intense TSL peak at T m = 170 K, and samples with intensive XRL at 820 nm usually have an intense TSL peak at T m = 279 K. The XRL band at 970 nm shows no correlation with the TSL curves.
Results and discussion
Earlier experimental studies of the energy spectra of CCTs in many ion-covalent crystals (primarily oxides and alkali halides) using TSL methods [17, [32] [33] [34] [35] [36] [37] [38] [39] showed that the energy spectra of CCTs are well described by the harmonic oscillator formula:
where n = 1, 2, 3... is the vibrational quantum number and ω is the energy of the vibrational quantum. Several oscillatory regularities with different values of the energy of a vibrational quantum can be found in compound crystals. For example, one oscillatory regularity was found in sapphire [32] , two in caesium cadmium trichloride [33] , three in zinc tungstate and cadmium tungstate [34, 35] , and five in yttrium aluminium garnet [36] . It is important that the energies of vibrational quanta in oscillatory regularities found for these materials coincide with symmetrical vibrational modes, A g , that are active in the Raman spectra. Only single-series sequences exist in such alkali-halide crystals as NaCl [17] , LiF [37] , KBr [38] , KCl and NaI [39] . Such crystals with simple cubic lattices do not have vibrational modes that are active in the Raman spectrum, and the frequencies of their oscillatory regularities correspond to the local oscillations of the H-centres. The modern explanation of oscillatory regularities in the energy spectra of CCTs is based on an assumption about their polaron nature [37] . The most intense peaks in the measured TSL curves of the investigated ZnSe samples were used to estimate the thermal activation energies (TAEs) of the traps using the FTSL method. Figure 4 shows the results of the computation of the TAEs for all fractions in the processed TSL curves. The two plateaus in Fig. 4 with levels of 0.244 ± 0.002 eV and 0.270 ± 0.002 eV indicate that at least two groups of CCTs exist in the investigated ZnSe samples. The analysis of the obtained results shows that the found values of TAEs of traps are described well by oscillatory regularity (4) with the energy of the vibrational quantum ω = 0.02567 ± 0.0001 eV (206 ± 1 cm −1 ). This oscillatory regularity is shown in Fig. 5 as a function of the vibrational quantum number n. It was found that the vibrational quantum frequency is equal to the frequency of an optical transverse mode in ZnSe, which is 207 cm −1 [40] [41] [42] . It was also found that the temperature positions of the maxima of all measured TSL peaks are well described by oscillatory regularity as follows:
where n = 1, 2, 3... are integer numbers and ∆T = 13.55 ± 1 K. Function (5) is shown in Fig. 6 for 14 measured TSL peaks. The proportional relationship between the TAE of CCTs and the temperature position of the appropriate peak in the TSL can be found from Eqs. (4) and (5):
where A = 21.9 for ZnSe at a constant heating rate of β = 0.3 K/s. As shown in formula (3), the T m value depends on the heating rate β of the sample. The proportionality between E T and T m shown in formula (6) is known for the crystal phosphors [43, 44] and is characterized by one non-dimensional constant A. Formula (6) is usually used for a rough estimation of the TAEs of CCTs using the temperature positions of the peaks in the TSL. It is thus necessary to estimate the constant A for any separate TSL peak using, for example, the FTSL method. The existence of oscillatory dependence (4) for all intensive maxima in the TSL of the studied ZnSe samples indicates that other low-intensive peaks that cannot be processed by the FTSL method also may follow this oscillatory dependence. This assumption allows the computation of the frequency factors for all traps in the studied samples as follows:
Because A and β are constants, then for any i-trap, the following condition is valid: w 0i = 1/T mi ; the frequency factor is also monotonically decreasing when more deep traps are present. This indicates that point defects in the crystal are caused by the stabilization of a polaron in the crystal lattice at some energy level. The important fact that confirms the existence of the oscillatory regularity in the energy spectrum of CCTs of ZnSe is the coincidence of the energy of the vibrational quantum (4) of this dependence ω = 0.0256 eV (206 cm −1 ) with a vibrational mode in the Raman spectrum v = 207 cm −1 that belongs to the symmetrical vibrational mode of the ZnSe crystal lattice [40] [41] [42] .
Usually, free charge carriers polarize the nearest ions in the crystals with an ion-covalent bond, meaning that they are in a polaron state. Therefore, a filled trap can be presented as a polaron stabilized by the electric field of some defect. For this reason, the interaction of the polaron with phonon modes of the same symmetry A g is necessary to release the charge carriers from the potential well created by the polarization of the crystal lattice. This polarization distortion consists of a static shift of ambient charges in a line of excess charge. In the case of a symmetrical vibrational mode when the vibrations conserve the inversion operation, the charges also vibrate in the line of one centre. Therefore, for some phase of the vibration at a sufficient amplitude (or at a sufficient number of the absorbed phonons), the spatial positions of the ions may coincide with the lattice points in an ideal crystal and compensate for the field of the potential well created by the polarization of the crystal lattice. Under such conditions, there is a possibility of detrapping localized charge carriers.
It was found that the singularity of the interaction of the polaron with the crystal lattice defines the existence of traps with energies that are multiples of an integer [37, 38] or half-integer value [32] [33] [34] [35] [36] of the energy of vibrational quantum ω. The normalized probability of a polaron in the vibrational mode with energy E = ω(n + 1 2 ) is described by the following:
where n is the vibrational quantum number, S is the statistical sum that normalizes function (8) on a unit area and g n is the statistical weight. If only an oscillatory mechanism of the transition of free charge carriers to the recombination centres is present (e.g., due to tunnelling) without transition to the conduction band, we get the following relation for the statistical sum considering that n w n = 1:
For ω = 0.0256 eV and T > 10 K, we have exp(− ω/kT ) 1, and
In this case, the energy of the traps is a multiple of an integer number of the vibrational quanta. If charge carriers transition into the conduction band after delocalization from the traps, the final state of the oscillator will consist of the states in the conduction band, and in this case, the statistical sum consists of both the oscillatory and band contributions: S = S osc + S band . As estimated, the band component is larger in fewer orders than the oscillatory component due to its significant statistical weight. As a result, the oscillatory component can be neglected, and finally, the energies of the traps depend on the half-integer value of the energy of vibrational quantum
This conclusion indicates that the charge migration to the recombination centres occurs in part due to the collective states of the crystal lattice throughout the energy band. If the energies of the traps depend on the integer value of the energy of vibrational quantum (10), charge carriers can then directly tunnel from the traps to nearby recombination centres. In ZnSe, the dependence of the energies of traps on the half-integer value of the energy of the vibrational quantum was found experimentally and confirms the existence of only one mechanism of charge migration from the traps to the recombination centres through the energy band.
Conclusions
We investigated the energy spectrum of charge carrier traps in undoped highly resistive ZnSe single crystals. Fourteen peaks were found in the thermostimulated luminescence spectra of ZnSe samples at temperatures from 8 K to 450 K, and the energies of the thermal delocalization of the charge carriers for the appropriate groups of traps were estimated for the most intensive peaks. It was found that the energy spectrum of traps in undoped monocrystalline ZnSe follows oscillatory regularity, and the energy of vibrational quantum was estimated to be ω = 206 ± 1 cm −1 , which is in good agreement with a vibrational mode in the Raman spectrum ν = 207 cm −1 . Additionally, a linear relationship is observed between the thermal activation energies of the traps and the temperature position of the peaks in the thermostimulated luminescence of ZnSe. It was found experimentally that the energies of the charge carrier traps in ZnSe depend on the half-integer value of the energy of vibrational quantum; this result confirms the existence of only one mechanism of charge migration from the traps to the recombination centres through the energy band.
